Notch-like receptors are found in organisms ranging from nematodes to mammals. In Drosophila, Notch plays a key role in cell fate decisions in the early nervous system. In this report we analyse the effects of excess Notch 3 activity in central nervous system (CNS) progenitor cells. A mutated Notch gene encoding the intracellular domain of mouse Notch 3 transcribed from the nestin promoter was expressed in CNS progenitor cells in transgenic mice. This mutation resulted in a phenotypic series of neural tube defects in embryonic day 10.5-12.5 embryos and proved lethal to embryos beyond this age. In the milder phenotype the neural tube displayed a zig-zag morphology and the CNS was slightly enlarged. More severely affected embryos showed a lack of closure of the anterior neural pore, resulting in the externalization of neural tissue and the complete collapse of the third and fourth ventricles. The expanded ventricular zone of the neuroepithelium, a correspondingly enlarged area of nestin expression, and an increase in the number of proliferating cells in the neural tube suggested that these phenotypes resulted from an expanded CNS progenitor cell population. These data provide support in vivo for the notion that Notch activity plays a role in mammalian CNS development and may be required to guide CNS progenitor cells in their choice between continued proliferation or neuronal differentiation.
Introduction
During embryogenesis, the vertebrate central nervous system (CNS) develops rapidly from an apparently homogenous population of proliferating cells in the neural tube, the CNS progenitor cells, into a diverse set of differentiated neuronal and glial cells in the adult brain and spinal cord (Schoenwolf and Smith, 1990; Jacobson, 1991) . One approach to learn more about cell fate decisions in early CNS development is to identify and analyse the function of vertebrate homologues to Drosophila genes controlling neural development.
The identification of vertebrate homologues of the Drosophila Notch gene has therefore been of particular interest. The Notch re-ceptor is required for many aspects of development in Drosophila. Its function is best understood in the developing nervous system, in which neuroblasts are singled out from a sheet of proneural cells on the ventral side of the fly embryo (Cabrera, 1992; Artavanis-Tsakonas et al., 1995; Simpson, 1995) . Loss of Notch activity results in a neurogenic phenotype, i.e. excess neuronal cells are generated at the expense of epidermal cells. Conversely, increased Notch activity causes a hyponeural phenotype. The Notch receptor is a large transmembrane protein ( Fig.  lA) , which acts in a cell-autonomous fashion (Heitzler and Simpson, 1991) . On the extracellular side Notch contains 36 epidermal growth factor-like repeats (EGF repeats) and three LimI2lNotch (LNR) repeats. Intracellularly, the most highly conserved domain consists of six ankyrin repeats Lardelli et al., 1995; Simpson, 1995) .
There is an emerging picture of the molecular mechanisms of Notch signalling Simpson, 1995) . Delta and the related protein Ser-rate are Notch ligands that interact with specific regions of the extracellular domain of Notch (Fehon et al., 1990) . On the basis of genetic interactions, the Wingless protein has also been implicated as a Notch ligand in Drosophila (Couso and Martinez-Arias, 1994; Gonzalez-Gaitan and Jackie, 1995) . On the intracellular side, two proteins, Deltex and Suppressor of Hairless (Su(H)), have been demonstrated to interact with Notch. These interactions are supported by genetic data in Drosophila and appear to involve the highly conserved ankyrin repeats in Notch (Busseau et al., 1994; Diederich et al., 1994; Fortini and Artavanis-Tsakonas, 1994; Matsuno et al., 1995) . Notch signalling is probably fundamental for the development of most animals, since highly conserved Notch, Delta and Serrate homologues have been found in organisms as diverse as flies, nematodes and vertebrates (ArtavanisTsakonas et al., 1995; Simpson, 1995) . The three mammalian Notch receptors, Notch 1, 2 and 3, all share the principal features of Drosophila Notch (Lardelli et al., 1994) . They show complex expression patterns during early development (Williams et al., 1995b) and are regulated by tissue-tissue interactions and retinoic acid (Mitsiadis et al., 1995) .
Several observations in Drosophila, C. elegans and vertebrates demonstrate that the Notch intracellular domain is crucial for signal transduction. Firstly, in mammalian cells the intracellular region of Notch 1 is cleaved off and localizes to the nucleus where it binds to RBP-Jk, the mammalian homologue of Su(H), and activates a specific promoter (Jarriault et al., 1995; Kopan et al., 1996) . Secondly, expression in Drosophila of the intracellular region alone produces a gain-of-function (i.e. hyponeural) phenotype, while expression of a Notch protein devoid of the intracellular ankyrin repeats generates a loss-of-function (i.e. hypemeural) phenotype (Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993) . Thirdly, expression of only the ankyrin repeat domain from the Notch-related protein GLP-1 in C. elegans diverts vulva1 cell fates (Roehl and Kimble, 1993) . Fourthly, extracellularly truncated forms of human NOTCH 1 (Ellisen et al., 1991) and the Notch-related mouse int-3 proteins (Jhappan et al., 1992; Robbins et al., 1992) cause leukaemia and mammary tumours, respectively. Finally, expression of a Notch 1 receptor lacking the extracellular domain in Xenopus embryos perturbs muscle and neural development (Coffman et al., 1993; Kopan et al., 1994; Chitnis et al., 1995; Dorsky et al., 1995) . Taken together, these data suggest that the intracellular region, when decoupled from the extracellular ligand-binding domain, encodes a constitutively active form of the receptor, which, following nuclear localization, regulates gene transcription (Jarriault et al., 1995; Kopan et al., 1996) . It has been proposed that expression of this form 'stalls' cells in an uncommitted, undifferentiated state (Coffman et al., 1993; Chitnis et al., 1995) . In keeping with this, expression of a Notch 1 intracellular domain in Xenopus (Dorsky et al., 1995) , or chick (Austin et al., 1995) retinal cells, myoblasts or embryocarcinoma cells appears to inhibit differentiation to particular cell fates.
In contrast to Drosophila, neural precursors in vertebrates separate from the embryonic ectoderm en masse through the invagination of the neural plate to form the neural tube. One way to investigate the role of Notch activity in the developing mammalian CNS in vivo is, therefore, to direct expression of a constitutively active, intracellular Notch domain specifically to the earliest cells of the mammalian CNS, the CNS progenitor cells, rather than to the entire embryonic ectoderm. To achieve this, a promoter specific for this cell population is required, and the nestin promoter is an attractive candidate. The nestin gene encodes an intermediate filament protein predominantly expressed in CNS progenitor cells in the neural tube (Lendahl et al., 1990; Reynolds and Weiss, 1992; Fishell et al., 1993; Dahlstrand et al., 1995; Williams and Price, 1995) . The regulatory regions required for expression of the rat nestin gene in CNS progenitor cells have been characterized (Zimmerman et al., 1994) .
In this paper we have used the nestin promoter to express the intracellular domain of Notch 3 in the CNS progenitor cells of transgenic mice. We chose Notch 3 because it is endogenously expressed in the developing CNS during the period when the nestin promoter is maximally active, embryonic day (E) 9.5-E12.5 (Lardelli et al., 1994; Lindsell et al., 1995) . This implies that the CNS progenitor cells may be able to interpret and respond to a signal from a truncated Notch 3 construct. Additionally, all previous experiments with truncated vertebrate Notch receptors have been performed with Notch 1 (Coffman et al., 1993; Kopan et al., 1994; Nye et al., 1994; Chitnis et al., 1995; Dorsky et al., 1995) , and we wished to observe whether the deregulated intracellular domains of other Notch homologues have similar or different biological activities. Our data show that expression of the Notch 3 intracellular domain in CNS progenitor cells is lethal and results in disturbed development of the neural tube.
Results

The intracellular domain of Notch 3 localizes to the nucleus
Before initiating the transgenic experiments we wished to determine whether our engineered N3ZC gene produced a protein product of the expected size and where in the cell the protein was localized. Therefore, we first generated a DNA construct encoding amino acid residues 1664-2318 of Notch 3 fused at the carboxy-terminal end to a haemagglutinin monoclonal antibody tag (HA-tag). This construct was coupled to a combined 77 and CMV promoter (CMVp) (Fig. 1) and the resulting clone, CMVpN3IC-HA, was tested in an in vitro transcription Fig. 2A) . The CMVpN3IC-HA plasmid was then used to examine the subcellular localization of the truncated Notch protein. Transfection of CMVpN31-HA into JEG cells followed by immunocytochemical detection with the aHA antibody indicated that the N3IC protein is predominantly localized to the cell nucleus (Fig. 2B) . This is consistent with the behaviour of extracellularly truncated Notch 1 and Drosophifu Notch. A Western blot of protein extracts from transfected and control cells revealed two anti-HAimmunoreactive protein species of approximately 7.5 80 kDa that appeared only after transfection with CMVpN3IC-HA.
The low level of these proteins probably indicates a rapid turnover of the intracellular Notch domain, which has been previously observed in Drosophila (Lieber et al., 1993) . The somewhat larger size of the two anti-HA-immunoreactive proteins observed after transfection, as compared to after in vitro translation ( Fig.  2A) , may reflect posttranslational modifications in the transfected cells.
Expression of N3IC-HA in transgenic mice is lethal and disturbs CNS development
To direct expression of extracellularly-truncated Notch 3 to the developing CNS in transgenic mice the N3IC-HA DNA fragment was placed under control of the rat nestin promoter (Fig. 1) . The same promoter, driving expression of the ZucZ reporter gene, is active from E9 in the CNS progenitor cells of the neural tube (Zimmerman et al., 1994) . Expression of LucZ correlates with the proliferating CNS progenitor cells in all major CNS regions, i.e. expression is first lost in spinal cord, then in telencephalon and finally in cerebellum (Zimmerman et al., 1994) . In addition, there is a transient .expression in the myotomes of the somites (Zimmerman et al., 1994) . The resulting transgene, nespN3IC-HA, was introduced into mouse embryos by pronuclear injection. Injected embryos were dissected out between E9.5 and E14.5, i.e. when the nestin promoter is maximally active (Zimmerman et al., 1994) . The embryos were inspected for external signs of abnormal development and analysed by PCR to assess transgenicity. Results of these analyses are presented in Table 1 . Examination of sections from transgenic embryos revealed a faint anti-HA-immunoreactivity, largely confined to the neural tube (Fig. 2E) . Immunoreactivity in the transgenic embryos was considerably weaker than in the transfected cells and it was difficult to unequivocally determine the cellular localization of the N3IC protein, although from the transfection data (Fig. 2B ) it can be assumed that it is mostly nuclear.
Mouse embryos transgenic for nespN3IC-HA showed a phenotypic series of CNS defects from E10.5 (Table 1) . The variation in the severity of these defects was presumably due to different levels of transgene expression, since each transgenic embryo most likely has a unique integration site for the transgene. The most characteristic features of embryos displaying milder phenotypes were expansion of the mid-and hindbrain (Fig. 3A,D ) and irregularities (waviness) in the spinal cord (Fig. 3B,C ). In addition, these embryos showed a different posture, i.e. a greater curvature of the spinal cord and more pronounced CNS flexures (Fig. 3A ,D-F). Development of the tail was also affected in many embryos, showing either milder or more severe phenotypes. Tails were observed with reversed flexures (bent back upon themselves), a terminal knob, a terminal haematoma or combinations of these phenotypes (Fig. 3A ,D-F). In the severe phenotype the most dramatic CNS defect visible externally was the result of non-closure of the anterior neural pore in the mid- Table 1 for criteria for +, ++, and +++ phenotypes). Note the presence of anti-HA-immunoreactivity in the spinal cord, and to some extent, in the surrounding mesenchyme in the transgenic, but not the wildtype embryo. Bar = 8 pm (B), 75 pm (CD).
brain region such that the luminal surface of the neural tube was externally exposed as two wings of neural tissue (Fig. 3E,F) . Embryos with this phenotype were usually observed in a state of partial resorption indicating that, when fully penetrant, the nespN3IC-HA phenotype is lethal. This was supported by the absence of transgenic embryos at more advanced developmental stages ( Table  1 ). The causes of the lethality are yet unknown: normal CNS development does not appear to be critical for proper development in utero (for review see Copp, 1995) , and it is therefore possible that effects secondary to the disturbed CNS development cause the lethality.
To examine these morphological changes in more detail we analysed sections from different positions along the anterior-posterior axis of transgenic embryos. Typical sections from mildly and severely affected embryos are shown in Fig. 4 . In the mild forms, we observed distortions in the transverse symmetry of the spinal cord, which were accompanied by a decrease in the depth of the mantle layer (Fig. 4A ). In Fig. 4C a transverse section through the developing brain of a severely affected embryo shows a dramatic expansion and extreme convolution of the neural epithelium, which has invaded the region normally occupied by the third and fourth ventricles. The develop- of the eye appears relatively normal, compared to the wildtype control (Fig. 4D ).
An increased number of CNS progenitor cells in nesp/N3IC-HA transgenic mice
One possible explanation for the expanded neuroepithelium observed particularly in the anterior CNS of the transgenic embryos is an increase in the number of CNS progenitor cells in these areas. This was previously observed in transgenic mice overexpressing the Wnt-I gene in the developing CNS (Dickinson et al. 1994) and the Wnt-I transgenic embryos displayed similar spinal phenotypes to those observed here. We therefore compared the numbers of proliferating cells in transgenic and nontransgenic littermates by injecting BrdU into pregnant female mice 24 h before embryo removal. Owing to the impossibility of selecting a region in the mid-or hindbrain of transgenic animals, which convincingly corresponded to the wildtype control, this comparison was performed on sections through brachial spinal cord. The lethality of transgenic embryos at later stages also precluded an analysis of animals older than El 1.5. Sections from comparable transgenic and non-transgenic El05 littermates were analyzed immunohistochemically for BrdU incorporation.
Comparison of a normal embryo with a mildly and a severely affected transgenic embryo showed a 17% and 26% increase in the number of BrdUincorporating cells per section in the neural tube of the mild and severe transgenic embryos, respectively (Fig. 5 , Table 2 ). Cellular proliferation in other, non-CNS regions was apparently unaffected (data not shown). The sizes of the ventricular zones were also shown to be increased in the transgenic embryos, compared to the wildtype control embryo (14% and 24% for the mild and severe transgenic embryo, respectively) ( Table 2) . A similar increase in ventricular zone area was seen also in regions other than the brachial spinal cord (data not shown), indicating that most regions of the neural tube are increased in size. Furthermore, the cell density was not significantly different in ventricular zones of transgenic embryos, as compared to wildtype controls (Fig. 5 and data not shown) . Thus, we conclude that there is an increase in both the number of BrdU-labelled cells and the area of the ventricular zone, but that the density of BrdU-labelled cells is not increased in the transgenic embryos.
N3IC-HA expression does not completely block differentiation in the CNS
The morphology of the developing CNS and the increase in the numbers of BrdU-incorporating cells in the neural tube indicated a possible shift in the balance between CNS progenitor cells and differentiated cells. This would be in keeping with current models of Notch function, suggesting that Notch signalling acts to block cell differentiation (Coffman et al., 1993; Chitnis et al., 1995; Dorsky et al., 1995) . We therefore examined the possibility of inhibition of neuronal differentiation in the CNS by analysing the expression of proteins specific for particular cell types at various stages of CNS differentiation: nestin for CNS progenitor cells (Frederiksen and McKay, 1988; Dahlstrand et al., 1995) Islet-l for motor neurons (Yamada et al., 1993) and neurofilament heavy chain as a general neuronal marker (Wood and Anderton, 1981) . The region of nestin immunoreactivity was enlarged and followed the morphological changes in the neural tube (Fig.   6B ). The extent and localization of Islet-l immunoreactivity was apparently normal, suggesting that motor neurons were produced in appropriate numbers and at the correct, ventral position in the neural tube (Fig. 6D) . Neurofilament immunoreactivity was observed in the neural tube (Fig. 6E,F ) and in dorsal root ganglia (data not shown) but appeared to be quantitatively decreased in transgenic embryos (Fig. 6F) . Thus, Notch 3 signalling appears to lead to an expanded area of CNS progenitor cells but does not block the differentiation of all neurons.
N3IC-HA expression does not affect the dorsoventral or anterio-posterior organization of the nervous system
The pattern of Islet-l immunoreactivity in nesp/N3IC-HA embryos (Fig. 6D) suggested that the organization of the spinal cord along its dorsal-ventral (D-V) axis was largely intact. To confirm this observation, tissue sections from transgenic embryos were subjected to in situ hybridization with probes for other genes differentially expressed along the D-V axis. The Pox 3 and 6 genes are normally expressed in the dorsal and ventral regions of the neural tube, respectively. Constitutive Notch 3 signalling did not appear to affect the expression of these genes (data not shown). To test whether N3IC-HA expression and expansion of the CNS progenitor cell population affected anterioposterior (A-P) organization, we analysed expression of the gene En-2. In N3IC-HA embryos, En-2 was appropriately transcribed in a narrow region of the interface between mid-and hindbrain (data not shown) indicating that the A-P body axis .was not altered. These data, combined with the largely correct external A-P morphology of transgenic embryos, show that expression of N3IC-HA does not appear to affect organization of the two major body axes. Photomicrographs of haematoxilin and eosin-stained sections from nesp/N3lC-HA tmnsgenic and wildtype EI0.5 embryos. In (A,B) sections are made through the spinal cord at corresponding levels in a mildly affected (+) transgenic and a wildtype embryo, respectively. Note the irregular morphology in the transgenic spinal cord and the correspondingly expanded ventricular zone (darkly stained cells) and the diminished outer mantle layer (the border between the ventricular zone and the mantle layer is outlined by a black dotted line and the perimeter of the mantle layer by a white dotted line). In (CD) transverse sections are made through the brain at the level of the eye. (C) represents a section through a severely affected transgenie embryo (+++) and D through a wildtype embryo. Note the absence of tbe third and fourth ventricles, which only appear to reside as small canallike structures inside the extremely convoluted neural epithelium in the transgenic embryo. In contrast, eye development appears relatively unaffected in the transgenic embryo. Bar = 100 pm.
Discussion
In this study we report that expression of the Notch 3 intracellular domain from the nestin promoter in transgenie mice causes dramatic effects in the developing CNS. The phenotype is seen in a region that normally expresses Notch 3 (Lardelli et al., 1994; Lindsell et al., 1995; Williams et al., 1995b) , suggesting that N3IC delivers a dominant, constitutive Notch 3 signal, as expected from the use of similar Notch constructs in Drosophila, C. elegans and Xenopus (Lieber et al., 1993; Rebay et al., 1993; Roehl and Kimble, 1993; Struhl et al., 1993; Chitnis et al., 1995; Dorsky et al., 1995) . These findings imply a role for Notch 3 signalling during normal CNS development. We also observed that the N3IC localized to the nucleus in transfected cells. Nuclear localization has previously been observed for intracellular domains of Drosophila Notch (Lieber et al., 1993; Rebay et al., 1993) and vertebrate Notch 1 Nye et al., 1994; Jarriault et al., 1995; Kopan et al., 1996) . Relocation to the nucleus is probably a consequence of evolutionarily conserved putative nuclear localization signals flanking the ankyrin repeats that are present in all known members of the Notch receptor family. In Notch 3 these regions are located at amino acid positions 1731 (KRLK) and 2062 (KKSRR). Sections were taken at corresponding levels through a wildtype (wt). a mildly affected (tg+) and a severely affected (tg+++) embryo, respectively. Incorporation of BrdU was analyzed by immunohistochemistry and cells that appear dark have incorporated BrdU (see Table 2 for numbers of BrdU-positive cells and statistical analysis). Bar = 1OOpm.
N31C transgenic mice show phenotypic similarities to Wnt-I transgenics and curly tail mutants
Expression of nesp/N3IC-HA leads to a convoluted neural tube and an increase in the size of the ventricular zone, in particular in anterior CNS. In the more severe cases, the anterior neural pore does not close. The mild N3IC phenotype is very similar to that caused by overexpression of Wnt-1 in the developing CNS (Dickinson et al., 1994) . Interestingly, a Drosophila Wnt-1 homologue, Wingless, has been implicated genetically as a ligand of Notch, although no direct biochemical interaction has yet been demonstrated (Couso and Martinez-Arias, 1994; Gonzalez-Gait& and Jackie, 1995) . If there is a relationship between Notch and Wnt in mammals, similar phenotypes would be expected from overexpression of either the ligand (Wnt-1) or a constitutively signalling form of the receptor (N3IC).
An unexpected finding in many N3IC embryos is that the tlexure of the tail was distorted. The mouse mutant curly tail exhibits a similar tail flexion defect, combined with delayed closure of the posterior neural pore (Chen et al., 1995 and references therein). The simultaneous appearance of early CNS and tail defects in two independent mutants suggests the possibility of a mechanistic link between the two phenotypes. In curly tail mutants the delayed closure of the neural pore causes the tail phenotype (Copp, 1985) , and it is possible that the early CNS hyperproliferation (see below) in nesp/N3IC-HA embryos exerts a similar effect on the tail flexure as well as on the changed curvature of the spinal cord. These results indicate the importance of CNS cell proliferation rates for early CNS and tail morphogenesis (Schoenwolf and Smith, 1990 ).
N3IC causes an expansion of the CNS progenitor cell population but does not completely block neuronal diflerentiation
In the nesp/N3IC-HA transgenic embryos there is an expansion of both the area of the ventricular zone and the number of BrdU-labelled cells. This suggests that there is a larger number of CNS progenitor cells in the transgenic embryos, but that the proportion of cells undergoing mitosis at a given timepoint is not increased, i.e. the proliferative rate of the CNS progenitor cells is not affected. An increase in the number of CNS progenitor cells receives support also by the finding that there is an enlarged area of nestin expression, which is a hallmark of CNS progenitor cells (Lendahl et al., 1990; Renfranz et al., 1991; Reynolds and Weiss, 1992; Fishell et al., 1993; Morshead et al., 1994; Dahlstrand et al., 1995; Williams and Price, 1995) . The findings of an expanded population of CNS progenitor cells without an increase in mitotic rate are similar to observations from Wnt-l overexpressing transgenie mice (Dickinson et al., 1994) as discussed above. One possible explanation for the increase in number of CNS progenitor cells may be that N3IC partially blocks differentiation to neurons, as discussed below, which may lead to an accumulation of neural cells in the progenitor cell state. It is possible that the enlarged CNS progenitor cell population is the cause of the convolution of the ventricular zone observed in the transgenic mice, particularly around the third and fourth ventricles. Alternatively, the failure in the severe transgenic embryos to close the anterior neural pore may lead to a loss of cerebrospinal fluid pressure, which in the developing chick CNS results in a convoluted neuroepithelium (Desmond and Jacobson, 1977) .
The approximately normal number of Islet-l-positive motor neurons in N3IC embryos and the reduced but still relatively widespread neurofilament immunoreactivity, indicate that the increase in the CNS progenitor cell area is not correlated with a complete inhibition of neuronal differentiation.
It is of course possible that the signalling systems for expansion of the CNS progenitor cell population and for differentiation to neurons are completely separate and that N3IC affects only the former. However, the reduction in neurofilament immunoreactivity and the decreased size of the mantle layer suggest that N3IC affects neuronal differentiation to some extent. It is possible that the differentiated neurons that are observed were determined before the onset of N3IC expression (nestin promoter activity has been demonstrated from E9; Zimmerman et al., 1994) . This may be particularly true for the Islet-l-positive motor neurons, which develop early (see also below). Alternatively, the levels of Notch 3 signalling from N3IC in the transgenic embryos may be insufficient to totally block neurogenesis.
A reduction in the neurogenic potential is in keeping with data both from Notch activation in early retina and in the embryocarcinoma cell line P19. In retina, expression of the intracellular domain of Notch 1 results in a reduced number of differentiated neurons (Austin et al., 1995; Dorsky et al., 1995) . In the PI9 cells, which normally are capable of neuronal and glial differentiation, expression of the intracellular domain of Notch 1 caused a suppression of neuronal, but not glial, differentiation . The early lethality of N3IC embryos unfortunately precludes an analysis of gliogenesis, which takes place later during development.
3.3. Can differences in the effects of extracellularly truncated Notch genes in vertebrates and Drosophila be reconciled?
The expansion of the developing CNS caused by expression of a constitutively signalling intracellular Notch protein in vertebrates (Coffman et al., 1993; Austin et al., 1995; Chitnis et al., 1995; Dorsky et al., 1995;  this study) may appear to be at odds with the hyponeural phenotype generated by expression of similar forms of Notch in Drosophila (Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993) . We believe, however, that this discrepancy reflects differences in the way the developing CNS is structured in insects and vertebrates rather than fundamentally different mechanisms of Notch action (Fig. 7) . In Drosophila, neuroblasts are singled out from a homogenous sheet of neuroectodermal cells by lateral inhibition. Cells not selected for nervous system development receive signals inhibiting neuronal differentiation through their Notch receptors from adjacent Deltaexpressing presumptive neuroblasts. In contrast, in vertebrates all cells in the neural plate are fated for neural development and it is not until the neural tube stage that cells must decide whether to continue to proliferate or to differentiate into neurons, or later, to glia. This difference is schematically depicted in Fig. 7A . Expression of a constitutively signalling mutant Notch receptor therefore leads to two different outcomes: in Drosophila this results in a hyponeural phenotype and an increased number of (non-neural) epidermal cells; in vertebrates CNS progenitor cells will favour the (pre-neuronal) proliferative state, thus generating fewer neurons and more CNS progenitor cells (Fig. 7B) , which is in keeping with the enlarged ventricular zone in the nesp/N3IC-HA embryos. This line of reasoning suggests that lateral inhibition may also operate in vertebrate CNS development, a notion which receives support from recent work in Xenopus. Chitnis et al. (1995) showed that injection of RNA encoding the Notch 1 intracellular domain into early Xenopus blastomeres produces a reduction of N-tubulin-expressing neurons in the primary nervous system. Overexpression of Xenopus Delta generated the same phenotype (Chitnis et al., 1995) , and although an expanded neural tube was not demonstrated in these experiments this was previously observed at later stages of Xenopus nervqus system development following injection of the same construct (Coffman et al., 1993) . Moreover, Delta is expressed in post-mitotic cells destined for neuronal differentiation in the nervous systern, both in chick (Henrique et al., 1995; Myat et al., 1996) and in Xenopus (Chitnis et al., 1995) .
An interesting difference between the data presented here and the Xenopus phenotype is that relatively normal levels of Islet-l expression are observed in the N3IC transgenic mouse embryos, while expression is largely reduced in Xenopus (Chitnis et al., 1995) . As discussed above, this may reflect a different timing of expression: in Xenopus the activated Notch 1 is presumably present from the early blastomere stages, while the onset from the nestin promoter is considerably later in the transgenic mice, suggesting that the Islet-l immunoreactive motorneurons may have already been determined. An alterna- A schematic comparison of Notch activity in the developing nervous system of Drosophila and vertebrates. During normal Drosophila development (A), a neuroblast is singled out from ceils at the ventral side and upregulates its Delta expression, which is received by surrounding, Notch-expressing, cells, that will not then differentiate to neuroblasts. In vertebrates, the nervous system develops in a somewhat different way. The neural plate, in which all cells are committed to neural developmen& folds to form the neural tube. In the neural tube, the CNS progenitor cells traverse the tube and divide when they are close to the ventricular side (Chenn and McConnell, 1995) . In the wildtype situation (A), Delta expression prefigures neuronal differentiation (Henrique et al., 1995) tive explanation is that the difference results from the use of intracellular domains from two different Notch genes. Expression of the N3IC construct at earlier and later timepoints during CNS development or expression of other Notch intracellular domains in the CNS progenitor cell population will help to resolve this issue.
In conclusion, the data presented show that deregulated Notch 3 signalling affects the CNS progenitor cell population and causes severe morphological defects in the developing mammalian CNS. By directing expression of normal and mutated versions of other members of the Notch signalling pathway to the same cell type we may begin to decipher how Notch activity guides CNS progenitor cells in their choice between differentiation or continued proliferation in vivo, and how such changes affect the structural organization of the early mammalian nervous system.
Materials and methods
Cloning of expression constructs
I. I. CMV/N3IC-HA
DNA encoding a SalI site, followed by a consensus Kozac's ribosome binding site, then the entire intracellular-coding domain of Notch 3 cDNA (i.e. codons 1664 (Met) to 2318 (Ala)) fused at the carboxy-terminalencoding end to an HA tag motif (YPYDVPDYA), to which the 12CA5 monoclonal antibody binds, followed by a stop codon and an XbaI site (dam-methylation sensitive) was generated from the Notch 3 cDNA clone 27 1Al using PCR primers S-AAA AGT CGA CAC CAC CAT GGT TGC CAG GCG AAA GC-3' and S-AAA TCT AGATCTATGCATAGTCTGGTACGTCATATG GAT AGG CCA TCA CCT GCC TCT-3' and VentTM DNA polymerase (New England Biolabs, Beverly, MA, USA). A 100,uL PCR reaction (as 4 X 25 ~1 aliquots) contained 1 yg cDNA, 0.8 pM of each primer, 0.2 mM of each dNTP and buffer as specified by the manufacturer. Cycling was three cycles of 1 min at 94"C, 30 s at 60°C, 4 min at 72'C followed by five cycles of 1 min at 94°C and 4 min at 72'C. The PCR product (N3IC-HA) was cleaved with Sal1 and XbaI and ligated into similarly cleaved BluescriptTM KS vector (Stratagene, La Jolla, CA, USA) to form plasmid AA2. Fusion of N3IC-HA to a combined CMV and T7 promoter followed by a SV40 terminator region was then performed by ligating the SalI-XbaI fragment of plasmid AA2 (see above) between the XhoI and NheI sites of plasmid pCMX (Perlmann and Jansson, 1995) to form plasmid CMV/N3IC-HA (see Fig.   1 ).
nesp/NjllC-HA
A HA-tagged intracellular Notch 3 gene (N3IC-HA) transcribed from the nestin promoter (nesp) was constructed using the Xh5 vector (a modification of NesPIXpA, kindly provided by Drs. R. McKay and L. Zimmerman) and a PCR-engineered Notch 3 gene. The Xh5 vector contains 5.8 kb of DNA upstream of, and including, the rat nestin gene transcription initiation site followed by a SalI site, then 0.6 kb of SV40 terminator sequence, then an XhoI, EcoRI, NheI polylinker followed by the first and second nestin introns required for myotome and neural expression, respectively (Zimmerman et al., 1994) . The SalI, XhoI and NheI sites are unique. The bacterial vector for Xh5 is pUC13B (Pharmacia, Uppsala, Sweden). To place N3IC-HA (see above) under the control of the nestin promoter we first fused the SalI-XbaI insert of AA2 to the bpA terminator by ligation between the Sal1 and XbaI sites of pGKneobpA to form plasmid Ccl. nesp/N3IC-HA was then formed by ligation of the SalI-SpeI fragment of CC1 containing N3IC-HA and bpA between the Sal1 and NheI sites of Xh5 (see Fig.   1 ).
In vitro transcription and in vitro translation
4.5. BrdU analysis
The CMV/N3IC-HA plasmid was in vitro transcribed from the T7 promoter and in vitro translated in a coupled system, as specified by the manufacturer (Promega, Madison, WI). The translation product was electrophoresed under denaturing conditions, transferred to a Nylon filter and analysed by Western blotting, using the monoclonal anti-HA antibody 12CA5 at a dilution of 1:lOOO. The reaction was visualized by ECL (Amersham, Arlington Heights, IL).
Transfections
Transfectiontt of 100 ng of the CMV/N3IC-HA plasmid to a 24-well dish of actively proliferating JEG cells (a human chorion carcinoma cell line) were carried out by the calcium phosphate precipitation technique as described by Perlmann and Jansson (1995) . At 36 h posttransfection cells were fixed in 4% paraformaldehyde in PBS for 5 min and analysed by immunocytochemistry using the 12CA5 antibody at a dilution of 1500. The immunoreactivity was visualized by a rabbit anti-mouse IgG secondary antibody coupled to peroxidase (Dako, Copenhagen, Denmark). Protein extracts from COS cells transfected with CMV/N3IC-HA or a control plasmid not containing the N3IC insert were also analysed by Western blotting, using the 12CA5 or 16B 12 (dilution 1: 1000) monoclonal antibodies (Berkeley Antibody Company, Richmond, CA).
In some experiments, the foster mothers were injected intraperitoneally with 5 mg/ml in PBS of BrdU (5'-bromo-2'-deoxyuridine) (Sigma, St. Louis, MO) to a final concentration of 5Opg/g body weight 2-4 h before the embryos were sacrificed. The numbers of BrdU-positive cells in transgenic embryos and in wildtype littermates were analysed on 5 pm sections after immunohistochemistry with a monoclonal anti-BrdU antibody (dilution l:lOO), as specified by the manufacturer (Boehringer, Mannheim, Germany). The number of anti-BrdUimmunoreactive nuclei in regions of defined size from the ventricular zone were counted in three sections from each animal. The area of the ventricular zone was calculated by tracing the borders of the ventricular zone onto graph paper, as previously described (Dickinson et al., 1994) . Statistical analysis of numbers of BrdU-labelled cells and the sizes of the ventricular zones were performed using the unpaired t-test and verified by Dunn's approximation to the Kruskal-Wallis rank sum multiple comparisons test for treatments versus controls (Statview 4.0; Abacus Concepts, Inc., Berkeley, CA), as previously described (Dickinson et al., 1994) . Results from both types of analyses were in good agreement.
Histology and immunohistochemistry
Transgenic mice
Transgenic mice were generated as previously described (Nilsson and Lendahl, 1993) . Briefly, fertilized eggs from an FZ cross between CBA and C57B16 were injected with 3 ng/pl of the nesp/N3IC-HA construct after linearization with NotI. Embryos from pseudopregnant foster mothers into which the injected eggs had been transplanted were recovered from E9.5 to E14.5 (E0.5 = the day of transplantation of injected eggs at the one cell stage). The extraembryonic tissues were removed and used to prepare DNA for a PCR-based test for transgenicity. Embryos were fixed overnight in 4% paraformaldehyde, equilibrated overnight in 10% sucrose in PBS and then stored at +4"C until further use. The two primers used for PCR to identify transgenic embryos were derived from the nestin promoter (5'-TCA ACC CCT AAA AGC TCC-3') and the N3IC-encoding (5'-GAC GTT GAC ATC CAC TC-3') parts of the constructs. The following PCR conditions were used to generate a 459 bp fragment in transgenic embryos: 35 cycles of 30 s at 94"C, 30 s at 55"C, and 60 s at 72"C, using 100 ng of total mouse DNA as template, 0.8pg of each primer, 0.2 mM dNTP and 0.3 U of DynazymeTM (Finnzymes Oy, Espoo, Finland).
To prepare histological sections, embryos were frozen as described above. Sections were cut on a cryostat (10 pm) and stained with eosin and haematoxilin by standard techniques. For immunohistochemistry the sections were 5 pm and immunohistochemistry was carried out as previously described (Mitsiadis et al., 1995) , using peroxidase to detect the immunoreactivity.
The following primary antibodies were used: polyclonal rabbit antinestin (130), (Dahlstrand et al., 1992 (Dahlstrand et al., , 1995 Sejersen and Lendahl, 1993) at 1: 1000; monoclonal mouse anti-neurofilament heavy chain (RJ97) at 1:250 (Wood and Anderton, 1981) ; monoclonal anti-HA (12CA5) at 1:500; and Islet-1 at 1:500 (Yamada et al., 1993) .
In situ hybridization
In situ RNA hybridization was carried out on tissue sections prepared as previously described (Williams et al., 1995a) . After prehybridization, 48-mer antisense 35S-labelled DNA oligonucleotides were incubated on the sections (Williams et al., 1995a) , and exposed to photographic emulsion for 6 weeks. The following probes were 
